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ABSTRACT 


The  purpose  of  this  study  was  to  investigate  mass 
transfer  in  cocurrent  flow  in  packed  beds.  In  this  work 
extraction  of  acetic  acid  from  dilute  aqueous  solutions  using 
benzene  and  ethyl  acetate  has  been  studied. 

The  principal  part  of  the  experimental  apparatus 
was  a  1/2-inch  I.D.  glass  column  packed  with  3  mm  glass  beads. 
Individual  phase  flow  rates  of  approximately  100  to  400  cc/min . 
were  investigated  over  a  complete  range  of  flow  ratios.  The 
concentration  of  acetic  acid  in  either  phase  was  determined 
by  volumetric  analysis. 

Overall  mass  transfer  coefficients  for  the  benzene- 
acetic  acid-water  system  were  up  to  86  times  greater  than 
those  obtained  by  other  workers  in  countercurrent  flow  in 
packed  beds.  In  the  ethyl  acetate-acetic  acid-water  system 
the  overall  mass  transfer  coefficients  were  up  to  130  times 
greater  than  those  obtained  by  other  workers  for  counter- 
current  flow  in  packed  beds.  The  mass  transfer  coefficients 
increased  with  increasing  flow  rates  and  even  higher  mass 
transfer  coefficients  are  apparently  attainable  with  higher 
flow  rates.  In  the  benzene-acetic  acid-water  system  bed 
height  had  no  effect  on  the  overall  mass  transfer  coefficient. 
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I .  INTRODUCTION 


In  countercurrent  operation  the  flooding  point  places 
an  operational  limit  upon  the  capacity  of  the  packed  column. 

In  contrast,  in  cocurrent  operation,  the  column  has  no  such 
limit  and  the  flow  rates  are  limited  only  by  the  allowable 
pressure  drop.  Higher  mass  transfer  coefficients  can  be 
obtained  by  using  higher  velocities.  The  concentration  to 
bed  height  relationship  in  cocurrent  flow  is  similar  to  that 
in  countercurrent  flow  when  the  change  in  concentration  of  the 
transferring  component  is  negligible  or  essentially  constant 
in  one  phase.  Under  this  condition  the  cocurrent  operation  of 
a  packed  bed  may  be  comparable  to  the  countercurrent  operation. 

Mixer  settler  units  are  used  in  liquid-liquid  extrac¬ 
tion.  The  two  phases  are  mixed  in  the  mixer  by  an  agitator 
and  the  resulting  emulsion  or  dispersion  is  settled  and  de¬ 
canted  in  the  settler.  These  units  are  operated  in  series 
to  obtain  more  than  one  equilibrium  stage.  Mechanical  agitators 
for  the  mixer  are  generally  bulky,  inefficient,  and  expensive. 

On  the  other  hand, cocurrent  flow  through  a  packed  bed  might 
provide  an  efficient  and  compact  design  for  inexpensive  mixing 
and  dispersion.  The  power  required  for  dispersion  and  mixing 
would  be  supplied  by  the  pressure  drop  across  the  packed  bed. 
Mixer  settler  units  employing  packed  beds  as  mixing  devices 
could  be  operated  in  series  to  obtain  more  than  one  equilibrium 
stage . 
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Leacock  and  Churchill (9)  investigated  the  mass 
transfer  in  cocurrent  flow  between  liquid  phases.  They  studied 
a  two  component  system  and  obtained  very  high  mass  transfer 
coefficients.  Most  of  the  commercial  applications  of  liquid- 
liquid  extraction  involve  extraction  of  a  solute  from  one 
phase  by  another  immiscible  phase.  This  work  was  undertaken 
to  study  the  mass  transfer  between  immiscible  liquids  in  co¬ 
current  flow  in  packed  towers  and  to  determine  the  important 
variables  and  their  effect  on  the  overall  mass  transfer 
coefficient.  In  this  investigation  three  component  systems 
were  studied  and  no  work  has  been  reported  in  the  literature 
on  a  three  component  system  in  cocurrent  liquid-liquid  extrac¬ 
tion.  In  industry  acetic  acid  is  recovered  by  liquid-liquid 
extraction  processes.  Thus,  in  this  work  extraction  of 
acetic  acid  from  dilute  aqueous  solutions  by  benzene  and  ethyl 
acetate  was  studied.  The  benzene-acetic  acid-water  system 
was  chosen  because  a  large  amount  of  data  in  packed  beds, 
wetted  wall  columns  and  spray  columns  was  available  for  com¬ 
parison.  The  solvent  was  readily  available  and  the  technique 
of  acetic  acid  analysis  was  simple.  Below  about  16  percent 
by  weight  of  acetic  acid  extraction  with  ethyl  acetate  has 
been  reported  as  the  most  economic  method  of  recovery.  Hence, 
the  ethyl  acetate-acetic  acid-water  system  was  studied  to  com¬ 
pare  the  magnitude  of  mass  transfer  coefficients  in  cocurrent 
flow  with  the  results  of  other  workers  using  countercurrent  flow. 


: 
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II.  LITERATURE  REVIEW 

An  exhaustive  survey  of  periodical  literature  has 
shown  that  no  work  on  cocurrent  liquid-liquid  extraction 
through  a  packed  bed  in  a  three-component  system  has  boon 
published.  However,  there  is  a  large  number  of  papers  which 
are  of  value  to  this  investigation.  The  more  important  papers 
are  reviewed  in  this  section.  The  supplementary  bibliography 
in  Appendix  E  lists  articles  which  are  indirectly  related  to 
this  study. 


1.  Mass  Transfer  in  Cocurrent  Flow 
1 . 1  Liquid-Liquid  Systems 

Leacock  and  Churchill ( 10)  studied  mass  transfer  in 
the  isobutanol-water  system  at  25°C,  The  individual  mass 
transfer  coefficients  were  calculated  by  assuming  that  the 
interface  concentrations  were  equal  to  the  static  equilibrium 
concentrations.  In  cocurrent  flow  they  obtained  mass  transfer 
coefficients  as  high  as  3000  (hr)  ^  based  on  the  water  phase 
concentrations.  In  countercurrent  flow,  since  flooding  puts 
a  limit  on  maximum  velocity,  the  mass  transfer  coefficients 
were  limited  to  100  (hr)  \ 

In  cocurrent  flow  even  higher  coefficients  could 
probably  be  attained  with  higher  flow  rates.  Nearly  ' 
equilibrium  compositions  were  obtained  in  only  a  few  inches 


. 
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of  packing.  The  mean  mass  transfer  coefficient  increased 
with  the  flow  rates  of  both  phases.  They  correlated  their 
results  by  the  following  equations 

kw  =  0.00032  L1//2V  (1) 

where  k^  =  mean  mass  transfer  coefficient  for  water  in 

isobutanol-rich  phase,  (hr)"1 
L  =*  flow  rate  of  continuous  (water-rich)  phase, 
lb.mole/(hr) ( sq. ft .column  cross  section) 

V  =  flow  rate  of  dispersed  (isobutanol-rich)  phase, 
lb .mole/Chr ) (sq.ft .column  cross  section) 

1 .2  Gas-Liquid  Systems 

Wen  and  co-workers ( 18)  studied  the  dehumidification 
of  air  by  calcium  chloride  solutions  in  packed  beds.  The  liquid 
rate,  lb/(hr) (sq.ft .) ,  was  40  -  100  times  greater  than  the 
gas  rate  and  the  change  in  water  concentration  in  the  cal¬ 
cium  chloride  solution  was  negligible.  Hence,  the  concentration 
versus  bed  height  relationship  in  both  the  countercurrent  and 
cocurrent  flow  patterns  are  quite  similar.  The  mass  transfer 
coefficient  increased  with  the  increasing  gas  rate  but  at 
constant  gas  rate  it  decreased  with  the  increasing  liquid  rates. 
This  decrease  in  transfer  coefficient  was  probably  due  to  the 
channeling  which  occurred  at  high  liquid  rates.  Mass  transfer 
coefficients  up  to  1300  lb-H20/(cu . ft . )  (hr )  ( lb-^O/lb-air ) 


were  obtained. 


rj  x  J 

' 

<2.  Bp 

' 


Dodds  and  co-workers( 3)  studied  the  absorption  of 
carbon  dioxide  in  caustic  soda  solutions  in  packed  beds.  In 
this  system  the  equilibrium  partial  pressure  of  carbon  dioxide 
over  caustic  soda  solutions  is  negligible  and  hence  the  driving 
force  is  similar  to  that  in  countercurrent  flow.  Higher  trans¬ 
fer  coefficients,  up  to  13  lb.moles/(hr ) (cu . ft . ) (atm. ) /  were 
obtained  by  using  flow  rates  greater  than  the  flooding  rates 
in  countercurrent  flow.  The  mass  transfer  coefficient  Ka 
increased  with  increasing  flow  rates  of  gas  and  liquid. 

Finzi  and  co-workers (6)  studied  the  isothermal 
exchange  of  HDO  between  liquid  water  and  steam  at  atmospheric 
pressure  in  wetted  wall  columns.  In  the  tube  water  occupied 
an  annular  ring  and  was  raised  by  the  gas  friction.  The  mass 
transfer  coefficient  increased  with  the  increasing  ratio  of 
molar  liquid  and  gas  flow  rates.  They  report  that  throughput 
for  columns  designed  using  vertical  upward  annular  cocurrent 
flow  were  35  -  40  times  greater  than  for  the  conventional 
countercurrent  distillation  units. 

Tang  and  Himmelblau(15)  studied  the  interphase  mass 

transfer  between  carbon  dioxide  gas  and  water.  The  physical 

model  used  was  the  laminar  cocurrent  flow  of  gas  and  liquid 

in  a  rectangular  channel  of  infinite  width.  The  concentration 

distribution  in  the  liquid  phase  was  given  by  the  following 

equations  2 

dc  d  c 

u  —  =  D  — -  (2) 

dz  dy^ 


j 

li/qrfpuo^rf^  Jtoqpi  Yoifl  ,  woX5  asf  ba&  bltfpii  a^feS* 

' 
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where  u  =  velocity  of  liquid  in  z  direction 

(direction  of  flow),  cm/sec 
c  «  concentration  of  carbon  dioxide  in  water 
mg/cc 

y  =  distance  from  the  gas  liquid  interface 
This  equation  was  solved  with  an  assumed  velocity  distribution 
and  proper  boundary  conditions  for  the  diffusion  coefficient 
D  by  three  .methods  -  the  eigen  solution  method,  the  boundary 
layer  theory  and  penetration  theory.  Results  from  the  eigen- 
solution  agreed  within  5  percent  with  the  data  of  other  inves¬ 
tigators  in  the  temperature  range  of  20°  to  30 °C .  Calculated 
values  of  diffusion  coefficients  from  the  penetration  theory 
checked  well  with  those  from  the  eigensolution  method,  but 
the  values  computed  from  the  integrated  boundary  layer  equation 
were  about  10  percent  higher. 

Scott  and  Hayduk{13)  studied  the  rate  of  gas 
absorption  in  cocurrently  flowing  gas-liquid  systems  in 
horizontal  pipes.  The  variables  studied  were  the  superficial 
velocities  of  gas  and  liquid  liquid  phase  diffusivity 

D  and  viscosity  p,,  gas-liquid  interfacial  tension  V~  ,  gas 
density  pand  tube  diameter  d.  The  gas  density  had  no  effect 
on  absorption  measurements.  At  low  liquid  rates,  the  data 
showed  a  maximum  in  the  number  of  transfer  units  with  increas¬ 
ing  gas  velocity.  This  was  not  observed  at  high  liquid  rates 
and  was  due  to  the  change  in  interfacial  area.  The  number  of 
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transfer  units  per  unit  length  of  absorber  decreased  nearly 
directly  with  increasing  liquid  flow  rates.  The  correlation 
of  data  was  presented  by  a  logarithmic  plot  of  N.T.U.  per 
(D  |i  <3  Kf  }  as  ordinate  against  VG/(VG  +  VL)  as 
abscissa. 


2 .  Cocurrent  Flow  in  Packed  Beds 


The  recent  papers  describing  the  flow  mechanism, 
pressure  drop  and  phase  holdup  are  reviewed  in  this  section. 

2 .1  Liquid-Liquid  Flow 

Rigg  and  Churchill { 11)  studied  the  phase  holdup, 
pressure  drop  and  drop  diameter  in  two  phase  flow.  The 
experimental  results  indicated  that  steady  state  phase  hold¬ 
up  can  be  approximated  by  assuming  no  slip  velocity  between  the 
phases.  An  estimate  of  the  phase  holdup  can  be  obtained  by  an 
equation  of  the  form 


(U  +  XL  >a 

'  o  Vr 

where  H  =  liquid  holdup 

UQ  =  organic  phase  superficial  phase  velocity 
Uw  «  water  phase  superficial  phase  velocity 

and  a  is  an  arbitrary  constant  evaluated  for  each  system.  A 
mixture  of  immiscible  fluids  flowing  through  a  packed  bed  cannot 
be  treated  as  a  pseudo  single  phase  with  effective  properties. 
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The  observed  data  for  pressure  drop  were  correlated  in  terms 
of  the  parameter  Pr a-(- -j_0 ^  where  Pra^.^0  is  the  ratio  of  frictional 
pressure  drop  gradient  to  the  pressure  drop  predicted  by  the 
assumption  of  single  phase  flow.  The  Sauter  mean  droplet 
diameter 


n  n 


is  directly  proportional  to  the  packing  diameter  and  can  be 
correlated  with  velocity,  viscosity  and  interfacial  tension. 

2 .2  Gas-Liquid  Flow 

Scott (12)  has  given  an  excellent  summary  of  the 
recent  work  on  the  properties  of  cocurrent  gas-liquid  flow. 

He  has  pointed  out  that  the  pressure  drop  and  liquid  hold-up 
for  a  two-phase  system  are  influenced  by  the  flow  pattern. 

Wen  and  co-workers ( 17 )  studied  the  pressure  drop 
through  packed  beds  for  dehydration  of  air  by  calcium  chloride 
solutions.  They  recognized  three  flow  regions.  The  first 
or  channeled  region  exists  at  low  gas  rates.  At  higher  gas 
rates  region  II  exists  and  in  this  region  the  flow  mechanism 
can  be  assumed  to  be  a  thoroughly  dispersed  liquid  phase 
throughout  the  continuous  gas  phase.  Region  III  exists  at 
high  liquid  rates  and  the  liquid  phase  can  be  assumed  to  be 
the  continuous  phase  with  the  gas  phase  completely  dispersed 
throughout  the  liquid. 
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In  Region  I  pressure  drop  is  proportional  to  Gn, 
where  G  is  the  gas  flow  rate  and  n  =  2  at  low  liquid  rates  and 
is  less  than  one  at  high  liquid  flow  rates.  In  Region  II 
pressure  drop  varies  approximately  linearly  with  G.  In  Region 
III  the  power  of  G  seems  to  be  less  than  unity  with  possible 
variation.  The  pressure  drop  also  depends  upon  the  physical 
properties  of  fluids,  packing  size  and  configuration,  phase 
distribution  and  flow  pattern  of  the  phases. 

Weekman  and  Myers(16)  also  recognized  the  existence 
of  three  regimes  in  air-water  system.  They  observed  that 
similar  relations  correlate  the  pressure  drop  results  for  two 
phase  flow  in  both  pipes  and  packed  beds . 

Dodds  and  co-worker s ( 4)  studied  the  pressure  drop 
and  liquid  holdup  in  cocurrent  gas  absorption  in  a  packed 
tower  and  compared  their  results  with  countercurrent  gas 
absorption.  They  concluded  that  the  two  flow  systems  are 
similar  at  lower  flow  rates.  In  each  case  logarithmic  plots 
of  pressure  drop  versus  gas  rate  would  give  similar  parallel 
lines  per  liquid  parameter  and  hence  the  same  exponent  to  be 
attached  to  gas  rate.  With  countercurrent  flow  this  exponent 
sharply  increases  at  the  flooding  and  loading  point.  Conversely 
in  cocurrent  flow  this  exponent  may  be  decreased  at  higher 
gas  rates,  lb/(hr) ( sq.ft . ) . 

In  countercurrent  tower  operation,  below  the  flooding 
point,  liquid  holdup  is  not  affected  by  the  gas  rate.  In  co¬ 
current  flow  higher  gas  rates  flatten  the  holdup  to  liquid-rate 
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relationship  and  the  relative  increase  of  holdup  lessens  at 
higher  liquid  rates, 

3,  Mass  Transfer  Studies  for 

Benzene-Acetic  Acid-Water  System 

The  transfer  of  acetic  acid  between  benzene  and  water 
has  been  studied  in  packed  beds,  wetted  wall  columns  and  spray 
columns .  This  section  presents  the  nature  and  magnitude  of 
the  mass  transfer  coefficients  obtained. 

Sherwood  and  co-worker s( 14)  studied  the  mass  trans¬ 
fer  of  acetic  acid  from  a  water-rich  phase  to  a  benzene-rich 
phase  in  spray  and  packed  columns.  The  mass  transfer  coef¬ 
ficient  K  was  calculated  from  the  equation 

ci 

L  (c9  -  c, ) 

K  =  - - - -  (5) 

A  A  clm 

where  c~2  and  c-^  are  the  acid  concentrations  at  exit  and  inlet 
respectively.  The  logarithmic  mean  driving  force,  Aclm  is 
based  on  and  c2  and  the  equilibrium  concentrations  in 
benzene  corresponding  to  the  observed  concentration  in  the 
aqueous  phase  at  the  bottom  and  top  of  the  column. 

In  spray  columns  mass  transfer  coefficients  up  to 
1.6  (hr)”1  were  obtained.  The  value  of  Ka  increased  with 
drop  diameter  because  of  the  increased  turbulence  inside  a 
large  drop.  The  drop  size  in  the  packed  bed,  and  hence  the 
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value  of  Ka,  depends  more  on  the  packing  than  on  the  size  of 
the  drops  entering  the  packing.  They  concluded  that  variations 
in  interfacial  area  a  are  more  important  than  the  effect  of 
other  variables.  Their  results  for  packed  columns  are  shown 
in  Figure  1.  With  increasing  flow  rates  Ka  passes  through  a 
maximum  until  coalescence  offsets  the  advantage  of  large  hold¬ 
up  at  high  flow  rates.  The  1-inch  carbon  rings  served  only  to 
increase  the  holdup  somewhat  as  compared  with  the  operation 
without  packing. 

Comings  and  Briggs (1)  studied  the  mass  transfer  of 
acetic  acid  from  a  benzene-rich  phase  to  a  water-rich  phase 
in  packed  and  wetted  wall  columns.  In  packed  columns  no 
indication  of  maximum  Ka  at  velocities  below  the  flooding 
point  was  observed.  As  compared  to  Sherwood  and  co-workers ( 14) 
they  obtained  higher  mass  transfer  coef f icients,  up  to  31  (hr)”'*' 

by  using  shorter  packed  columns.  Such  results  may  be  due  to 
the  large  proportion  of  extraction  taking  place  at  the  nozzle 
inlet  or  to  a  greater  tendency  for  the  longer  columns  to 
channel  at  low  velocities.  Dispersed  phase  velocity  had  a 
greater  effect  on  the  overall  mass  transfer  coefficient. 

Their  results  for  wetted  wall  columns  are  shown  in  Figure  2 . 

In  wetted  wall  columns  values  of  Ka  as  high  as  134  (hr)”^- 
were  obtained  by  using  flow  rates  which  were  about  30  times 
greater  than  for  the  packed  columns.  They  proposed  that  over¬ 
all  coefficients  for  small  packed  columns  may  be  represented  by 
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an  equation  of  the  form 

Ka  =  c  ^  vcS  (6) 

where  VD  =  dispersed  phase  velocity,  ( ft3) /( ft2 ) (hr ) 

Vc  =  continuous  phase  velocity,  ( ft3) /( ft2 ) (hr ) 
c,  r  and  s  are  constants.  Their  values  for  r  and  s  were  0.5 
and  0.25,  respectively. 

4.  Mass  Transfer  Studies  in  the 
Ethyl  Acetate-Acetic  Acid-Water  System 

The  transfer  of  acetic  acid  between  water  and  ethyl 
acetate  in  countercurrent  flow  in  packed  beds  has  been  studied 
by  Eaglesfield  and  co-workers ( 5) *  A  5  percent  aqueous  acetic 
acid  solution  was  extracted  with  ethyl  acetate.  The  acetic 
acid  concentration  was  determined  by  titrating  against  sodium 
hydroxide  solution  and  using  phenolphthalein  as  an  indicator. 
The  flow  rates  were  calculated  by  collecting  the  exit  extract 
and  raffinate  phases  for  a  known  time  and  measuring  the  den¬ 
sities  of  inlet  and  exit  phases.  It  was  assumed  that  the 
mass  transfer  coefficient  Ka  was  constant  for  a  given  flow 
ratio  of  solvent  to  water  and  its  value  was  calculated  by  the 
following  formula. 

N/0 


V  (log  mean  Ac) 


(7) 


where 
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lsi/9  _  gm  mole  of  acetic  acid  transferred  per  hour 
V  ~  volume  of  packed  space 


Ac  =  effective  concentration  difference  in  gm  mole 

per  liter  at  top  and  bottom  of  the  column, 

calculated  from  the  relation  Ac  =  c  -  c  * 

e  e 

where  cq  =  concentration  of  acetic  acid  in  extract  phase 
ce*  =  equilibrium  concentration  of  acetic  acid 

corresponding  to  the  raffinate  composition 
All  extractions  were  carried  out  at  about  70  percent  of  the 
flooding  velocities  and  the  maximum  value  of  Ka  based  on  the 
concentrations  in  water-rich  phase  was  506  (hr)"1.  The  Ka 
values  were  higher  when  the  aqueous  phase  was  dispersed. 

The  authors (5)  also  studied  the  economics  of  the 
recovery  of  acetic  acid  from  dilute  aqueous  solutions  obtained 
from  various  industrial  processes.  On  the  basis  of  steam 
consumption  calculations  they  concluded 

"Below  about  16  percent  by  weight  of  acetic  acid, 
extraction  with  ethyl  acetate  is  the  most  economic  method  of 
recovery.  From  16  to  about  25  percent  by  weight  of  acetic 
acid,  extraction  with  a  mixture  of  ethyl  acetate  and  benzene 
is  most  economic.  The  optimum  benzene  concentration  is  ap¬ 
proximately  io67(x  -  16)  percent  by  volume,  where  x  is  the 
weight  percent  of  acetic  acid  in  the  feed.  From  25  to  35  per¬ 
cent  by  weight  of  acetic  acid,  the  most  economic  recovery 
process  is  solvent  extraction  with  isopropyl  acetate.  Above 
35  percent  it  is  more  economic  to  recover  the  acetic  acid  by 


an  entrainment  distillation  process,  preferably  with  the  use 
of  an  Othmer  entrainer  such  as  80  percent  isoamyl  acetate  per 
20  percent  isoamyl  alcohol.'8 

For  extracting  acetic  acid, benzene  has  a  greater 
selectivity  (its  ability  to  extract  one  component  of  a  solution 
in  preference  to  another)  and  ethyl  acetate  has  a  larger 
distribution  coefficient 

m  =  —  (8) 

cw 

where  cQ  and  cw  are  the  concentrations  of  acetic  acid  in 
organic-rich  phase  and  water-rich  phase, respectively .  At 
high  concentrations  of  acetic  acid  the  low  selectivity  of 
ethyl  acetate  is  improved  by  the  addition  of  benzene. 

5.  Solubility’-  and  Tie  Line  Data 

Garner  and  co-workers (7 )  studied  the  solubility 
and  tie  line  data  for  the  water- acetic  acid-benzene  system 
between  30°  and  60 °C.  The  solubility  curve  and  tie  lines  at 
30 °C  are  shown  in  Figure  3.  Their  results  indicated  that 
solubility  changes  only  slightly  with  temperature.  The  dis¬ 
tribution  coefficient  shows  only  a  small  variation  with 
temperature  when  the  concentration  of  acetic  acid  in  the  water 
layer  is  less  than  50  percent  by  weight.  The  tie  line  data 
was  satisfactorily  correlated  by  Bachman  and  Othmer  -  Tobis 
plots . 


Figure  3 
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WATER 


Solr.oilicy  and  Tie  line  Data  for  the  Benzene-Acetic  Acid— Water  System  at  30  °C 
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Garner  and  Ellis (8)  have  studied  the  solubility  and 
tie  line  data  for  the  water-acetic  acid-ethyl  acetate  system. 
The  solubility  curve  and  tie  lines  at  30 °C  are  shown  in  Figure 
4.  Their  results  indicated  that  solubility  changes  only 
slightly  with  temperature.  The  equilibrium  data  is  almost 
independent  of  temperature  changes  in  the  range  of  30°  to  60 °C 
and  is  shown  in  Figure  5.  Their  results  agreed  well  with 
those  of  other  workers.  The  selectivity  of  acetic  acid  for 
ethyl  acetate  reverses  at  a  certain  stage  and  then  becomes 
selective  towards  water  and  thus  this  system  is  a  solutrope 
at  9.5  percent  by  weight  of  acetic  acid  in  the  water  layer. 
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III.  THEORY 

1.  Definition  and  Calculation  of 

Mass  Transfer  Coefficients 


When  a  material  is  transferred  from  one  phase  to 
another  phase  across  an  interface  that  separates  the  two#  the 
resistance  to  mass  transfer  in  each  phase  causes  a  concen¬ 
tration  gradient.  For  a  given  system  and  conditions  the 
amount  of  material  transferred  is  proportional  to  the  driving 
force.  A  more  efficient  operation  results  from  the  greater 
driving  force  of  countercurrent  flow  (Figure  6a)  than  that  of 
cocurrent  flow  (Figure  6b)  with  the  same  terminal  conditions 
when  concentration  in  both  phases  varies  with  bed  height. 
However,  when  the  change  in  liquid  concentration  with  bed 
height  in  one  phase  is  constant  or  negligible,  this  advantage 
ceases,  and  the  driving  force  for  mass  transfer  in  the  two 
systems  tends  to  be  equivalent  (Figure  6c  and  d) . 

At  steady  state  the  diffusion  of  transferring 
component  from  one  liquid  phase  to  another,  immiscible  with 
the  first,  is  given  by  the  following  equation: 


where 


dN  =  kR  (cR  -  cRi)  dS  =  kE  (cEi  -  cE)dS  (9) 

N  =  rate  of  mass  transfer,  lb.mole/(hr ) ( sq. ft . ) 
k  =  individual  mass  transfer  coefficient, 
lb.mole/(hr) (sq.ft.) (Ac) 

cR  =  concentration  of  transferring  component  in 
raffinate  phase,  lb.mole/(cu . ft . ) 


CONSTANT  LIQUID  CONCENTRATION  jVARYING  LIQUID  CONCENTRATION 
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Figure  6 

Phase  Concentrations  versus  Bed  Height  Relationship  in 
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cE  =  concentration  of  transferring  component 
in  extract  phase  ,  lb.mo]e/(cu .  ft . ) 

S  =  interfacial  area,  sq.ft. 

Subscripts  E,  R  and  i  refer  to  the  extract  phase,  raffinate 
phase  and  interface  conditions  respectively.  In  this  equation 
it  is  necessary  to  know  the  interface  concentrations  for  cal¬ 
culating  individual  mass  transfer  coefficients.  The  experi¬ 
mental  determination  of  interfacial  concentrations  is  not 
possible  since  any  ordinary  sampling  device  will  be  so  large 
in  comparison  to  film  thickness  that  it  is  impossible  to 
approach  the  interface  sufficiently  closely.  Hence,  this 
equation  has  a  little  practical  utility. 

In  order  to  overcome  this  difficulty  the  concept 
of  overall  mass  transfer  coefficient  has  been  introduced  and 
they  are  defined  by  the  following  equations: 

dN  =  Kr  (cr  -  cRe)  dS  =  Ke  (cEe  -  cE)  dS  (10) 

The  implicit  assumptions  in  this  equation  were  as  follows: 

1.  Resistance  of  the  two  films  are  additive 

2.  Concentrations  of  the  contact  interface  corres¬ 
pond  to  the  equilibrium  concentrations  between  the 
two  phases. 

It  is  usually  possible  to  calculate  the  total  surface 
of  the  dry  packing,  but  this  is  somewhat  greater  than  the 
interfacial  area  because  the  circulated  liquid  tends  to  collect 
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at  the  points  of  contact  of  the  lumps  of  packing  and  all  the 
surface  may  not  be  wet.  For  this  reason  it  is  convenient  to 
introduce  a  new  variable,  a,  which  represents  the  interfacial 
area  per  unit  of  volume  and 

dS  =  adz  (11) 

where  z  is  the  height  of  the  packed  column.  Since  both  a  and 
I<  depend  on  the  nature  of  the  packing  and  on  the  liquid  flow 
rates,  they  may  be  combined  as  Ka,  which  represents  the  over¬ 
all  capacity  coefficient,  on  a  volume  basis,  for  any  particular 
packing.  Equation  10  then  becomes 

d  (vEcE)  =  KaE  (cEe  -  cE)  dz  (12) 

where  Ka  =  overall  mass  transfer  coefficient, 

lb.mole/(hr) (cu.ft.) (Ac) 

v  =  superficial  phase  velocity,  cu . ft ./(hr ) ( sq. ft . 
of  the  cross  sectional  area  of  packed  column) . 

If  vE  does  not  vary  in  the  packed  column  appreciably, 
then  it  can  be  treated  as  a  constant.  When  it  is  possible 
to  assume  that  the  equilibrium  curve  is  linear  over  the  range 
in  which  it  is  to  be  used  then  KaE  does  not  depend  on  the 
concentration  cE.  Equation  12  then  becomes 
Z1  CE] 


z2  CE2 


Vi 


ac 


dz  = 


E 


Ha, 


(cEe  " 


(13) 


E- 


- 
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If  the  operating  line  is  also  linear  over  the  range 
in  which  it  is  to  be  used  then  equation  13  can  be  integrated 
to  give 


where 


(Ace) lm 


VE  ( CE1  ~  CE2  ^ 

KaE  (^CE)  lm 

=  height  of  the  packed  column, 

*CEe  ~  CE^1  ~  ^CEe  ~  CE*2 

ln  [*CEe  ”  CE)l//^CEe  "  ^2] 


(14) 


and 


(15) 


subscripts  1  and  2  refer  to  the  properties  at  the  top  and 
bottom  of  the  packed  column*  On  rearranging^equation  14 
becomes 


VE  CE1  ~  CE2 

(z^  -  z2)  (Ac)  lm 


(16) 


This  equation  has  been  used  in  this  work  to  calculate  the 
mass  transfer  coefficients. 


2 .  Correlations  for  Mass  Transfer  Coefficients 

In  film  theory  the  resistance  to  mass  transfer  is 
described  by  a  combination  of  laminar  film  and  turbulent  zone, 
including  the  intervening  buffer  zone.  Thus,  the  total 
resistance  to  mass  transfer  is  made  of  two  parts:  that  re¬ 
siding  in  the  laminar  film  and  that  represented  by  the  buffer 
zone  and  turbulent  region.  The  diffusional  resistance  of  the 
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laminar  and  turbulent  films  can  be  related  to  the  Reynolds 
number ,  The  molecular  diffusivity  D  will  be  necessary  to 
describe  the  rate  of  diffusion  across  the  laminar  film  but  it 
is  of  little  importance  in  considering  the  turbulent  region. 
The  mass  transfer  coefficient,  therefore,  can  be  expected  to 
depend  upon  the  diffusivity,  D,  and  the  variables  making  up 
the  Reynolds  number,  the  average  fluid  velocity  u ,  the 
density  p,  viscosity  p,  and  some  characteristic  dimension  of 
the  apparatus  d.  Thus, 


k  =  0  ( D,  uav,  d,  ti,  p) 


(17) 


or,  if  arranged  in  terms  of  dimensionless  groups. 


kd  d  uav  p  n 

—  =  0'( - ,  - ) 

D  |Jl  pD 


y 

(18) 


=  0 '  (Re,  Sc) 


(19) 


On  the  assumption  that  the  degree  of  turbulence  in 
each  phase  is  affected  by  the  rate  of  flow  of  both  phases, 
since  the  liquids  are  in  direct  contact,  equation  19  becomes 

=  V  (Re  ,  Re  ,  Sc  ')  (20) 

Dr  R  E  k 


At  constant  temperature  the  physical  properties  of 
fluids  and  hence  Sc  are  constant  and  equation  20  becomes 


kRd 

dR 


r*  (PV  ReE) 


(21) 
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But  the  Reynolds  number  cannot  always  be  clearly 
defined  in  packed  columns,  and  furthermore  it  is  not  usually 
so  clear  an  indication  of  the  degree  of  turbulence  as  in 
simpler  fluid  systems.  Hence,  for  a  given  apparatus  and 
liquid  system,  whose  fluid  properties  vary  little  with 
operating  conditions,  equation  21  may  be  written  as  follows: 

”  V  '  ^UR'  UE^  (22) 

According  to  two-film  theory  the  relative  impor¬ 
tance  of  the  two  additive  resistance  depends  on  the  solubility 
coefficient  mas  well  as  on  the  nature  of  two  films.  It  would 
therefore  be  expected  that  the  overall  mass  transfer  coefficient 
will  depend  on  the  solubility  and  all  other  factors  which 
affect  the  individual  mass  transfer  coefficient. 

In  addition  to  the  above  variables  the  overall  mass 
transfer  coefficient  in  packed  beds  may  also  depend  on  the 
following  variables. 

1.  Packed  bed  height 

2 .  Entrance  or  mixing  arrangement 

3.  Packing  shape  and  size 

4.  Column  size 

5.  Direction  of  extraction,  etc. 

There  is  no  satisfactory  general  correlation  for 
the  overall  mass  transfer  coefficient. 
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Wo  EXPERIMENTAL  PROGRAM 

This  section  describes  in  detail  the  experimental 
equipment  and  operating  procedures  used  to  study  some  of  the 
variables  affecting  the  mass  transfer  rate.  It  also  describes 
the  manner  of  selection  and  range  of  variables  studied. 

1 .  Experimental  Apparatus 

Hie  principal  part  of  the  apparatus  for  the  present 
study  was  the  packed  column „  The  column  was  a  5/8-inch 
nominal  diameter  glass  pipe  cut  to  the  desired  lengths.  The 
diameter  of  the  column  was  chosen  to  permit  high  mass  velocities 
without  the  use  of  excessive  amounts  of  solvents.  No  attempt 
was  made  to  recover  the  spent  solvents. 

The  packing  material  was  3  mm  diameter  solid  glass 
beads.  These  beads  were  supplied  by  the  Fisher  Scientific 
Company  and  were  graded  to  get  a  uniform  packing.  The  dia¬ 
meter  of  glass  beads  used  for  packing  was  between  3.327  and 
2.794  mm.  The  glass  beads  were  cleaned  by  chromic  acid  and 
thoroughly  washed  with  water.  The  beads  were  held  in  place 
by  a  10-mesh  brass  screen  at  the  top  and  bottom  of  the  column. 

The  column  inlet  flange  was  similar  to  that  used 
by  Leacock  and  Churchill ( 10) .  They  introduced  both  phases 
into  the  packed  column  through  two  adjacent  channels  in  the 
inlet  flange.  Their  design  was  modified  for  this  work  by 
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introducing  the  organic-rich  phase  through  a  central  channel 
and  the  water-rich  phase  through  two  side  channels.  This 
modification  was  done  to  hopefully  minimize  the  entrance  effects. 
A  detailed  drawing  of  the  inlet  flange  and  glass  column  is 
shown  in  Figure  7.  The  inlet  flange  was  made  of  aluminum.  A 
1/4- inch  stainless  steel  valve  was  used  to  control  the  dis¬ 
tribution  of  the  water-rich  phase  in  the  two  channels.  This 
particular  design  of  inlet  flange  eliminated  any  mass  transfer 
before  the  liquids  entered  into  the  packed  column. 

A  round-bottom  glass  flask,  equipped  with  a  short 
side  arm  and  a  flange  at  the  equator  so  that  it  could  be 
connected  to  the  packed  column,  was  used  as  a  settler.  It 
was  connected  to  the  packed  column  by  5/8-inch  cast  iron 
backing  flanges.  Asbestos  gaskets  with  fluon  gasket  sheaths 
were  used.  It  also  had  two  openings  at  the  top  and  bottom 
for  the  removal  of  the  two  phases.  Samples  were  taken  at 
these  two  outlets.  In  the  bottom  discharge  line  a  stopcock 
was  used  to  adjust  the  level  of  the  interface  between  the  two 
phases  in  the  settler.  A  thermometer,  range  -30  to  120 °F, 
was  used  to  determine  the  temperature  at  the  middle  of  the 
settler  and  this  temperature  was  then  taken  as  being  equal 
to  the  temperature  in  the  packed  column.  The  settler  was 
connected  to  the  drain  pipe  by  saran  tubes.  Three  settlers 
of  200,  300  and  500  ml  capacity  were  prepared  so  that  an 
appropriate  size  could  be  used  at  different  flow  rates. 


30  - 


Figure  7 


COLUMN  INLET  FLANGE  DETAILS 
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A  1/4  H.P.  Duplex  Milton  Roy  Controlled  Volume 
Diaphragm  pump.  Model  R-231  of  100  -  400  cc/min.  capacity 
was  used  to  pump  the  two  phases.  The  discharge  rate  of  the 
pump  was  controlled  by  adjusting  the  volume  of  hydraulic  fluid 
which  bypassed  a  diaphragm  cavity. 

The  pulsations  from  the  pump  were  successfully 
damped  by  passing  the  liquids  through  dampeners.  These 
dampeners  were  1-liter , round-bottom  pyrex  glass  flasks. 

Two  Fisher  and  Porter  rotameters  were  used  to  measure 
the  flow  rates.  The  water-rich  phase  rotameter  was  of  540 
cc/min.  maximum  capacity  and  was  made  from  stainless  steel. 

The  organic-rich  phase  rotameter  had  a  maximum  capacity  of 
550  cc/min.  The  rotameters  were  calibrated  experimentally 
and  the  calibration  curves  are  shown  in  Figures  17,  18  and  19. 
The  calibration  curves  agreed  substantially  with  those  pro¬ 
vided  by  the  manufacturer. 

A  constant  temperature  bath  was  used  to  control  the 
temperature  of  liquids  entering  in  the  packed  column.  This 
constant  temperature  bath  was  a  12-inch  x  12-inch  cylindrical 
heavy-walled  pyrex  brand  glass  jar.  The  bimetallic  thermo¬ 
regulator,  range  -100  to  350 CF,  and  electronic  relay  were  pur¬ 
chased  from  the  American  Instrument  Company  Inc.  A  300-watt 
heater  was  used.  The  stirrer  had  a  1/30  H.P.  Edison  Universal 
motor.  A  thermometer,  range  -20  to  120 °F,  was  used  to 
indicate  the  bath  temperature.  A  pilot  light  was  provided 
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which  indicated  the  operation  of  intermittent  heater.  The 
temperature  of  the  bath  could  be  controlled  within  io.5°F. 

The  water-rich  phase  and  ethyl  acetate-rich  phase 
reservoirs  were  twelve-gallon  and  five-gallon  pyrex  glass 
bottles,  respectively.  The  benzene  phase  reservoir  was  a 
five-gallon  mild  steel  drum  and  was  provided  with  a  level 
gauge  glass.  A  schematic  diagram  of  the  experimental  apparatus 
is  shown  in  Figure  8. 

The  size  of  the  inlet  lines  to  the  pump  was  3/8-inch 
O.D.  and  all  other  lines  were  1/4-inch  O.D,  tubes.  A  1/4- inch 
bronze  strainer  was  used  on  the  organic-rich  phase  pump 
inlet  line.  Stainless  steel  and  copper  tubes  were  used  for 
the  water-rich  and  organic-rich  phases,  respectively.  All 
valves  with  the  exception  of  a  3/8-inch  Jenkins  bronze  valve 
in  the  organic  phase  inlet  line  to  the  pump  were  Hoke  stain¬ 
less  steel  valves  of  the  3,000  psi  series.  All  connections 
v/ere  made  by  compression  fittings.  The  apparatus  was  mounted 
on  a  dexion  framework. 

2 .  Experimental  Determination  of  Equilibrium 

Date  for  Benzene-Acetic  Acid-Water  System 

The  concentration  of  acetic  acid  in  the  benzene-rich 
phase  in  this  work  varied  from  0.2  to  0.8  percent  by  weight 
and  extrapolation  of  the  data  of  Garner  and  co-workers (7 )  was 
considered  unreliable,  therefore,  equilibrium  data  were  deter- 
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Figure  8  SCHEMATIC  DIAGRAM  OF  EXPERIMENTAL  APPARATUS 
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mined  experimentally  for  this  range*  Acetic  acid  solutions 
of  different  concentrations  were  prepared  by  adding  a  cal¬ 
culated  quantity  of  acetic,  anhydride  into  water.  Equilibrium 
mixtures  were  prepared  in  test  tubes  by  mixing  50  cc  of  ben¬ 
zene  and  50  cc  of  acetic  acid  solution  in  water.  The  test 
tubes  were  stoppered  and  were  then  allowed  to  stand  in  a 
constant  temperature  bath  maintained  at  86  lo.5°F  for  20  hours. 
Samples  from  the  water-rich  and  benzene-rich  phases  were 
titrated  against  standard  sodium  hydroxide  solutions  using 
phenolphthalein  as  an  indicator.  After  allowing  these  test 
tubes  to  stand  in  the  constant  temperature  bath  for  a  longer 
time,  no  change  in  concentration  of  acetic  acid  in  either 
phase  was  detected. 

3.  Experimental  Determination  of 

Mass  Transfer  Coefficient 
3 . 1  Benzene-Acetic  Acid-Water  System 

A  layer  of  benzene  was  maintained  at  all  times 
above  the  solution  in  the  water-rich  phase  reservoir.  After 
adding  benzene  the  solution  was  stirred  manually  and  then 
recirculated  for  two  hours.  It  was  then  left  overnight  before 
making  the  actual  runs.  Thus,  the  water-rich  phase  was 
saturated  with  benzene  at  all  times.  As  pointed  out  by  Sher¬ 
wood  and  co-workers (14)  the  equilibrium  concentration  of  water 
in  benzene  is  negligible  and  thus  it  was  not  necessary  to  mix 
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water  in  benzene . 

The  column,  when  dry,  was  packed  with  dry  packing. 

No  settling  of  packing  was  observed  at  the  end  of  runs.  The 
general  procedure  for  making  a  run  was  as  follows: 

1.  The  pump  was  started  and  liquids  were  pumped  through 
the  dampeners,  constant  temperature  bath,  rota¬ 
meters  and  the  packed  column. 

2.  The  temperature  in  the  packed  column,  as  indicated 
by  the  temperature  in  the  settler,  was  controlled 
at  86  t2°F  by  the  constant  temperature  bath. 

3.  The  level  of  the  interface  between  the  two  phases 
in  the  settler  was  adjusted  by  using  a  stopcock  to 
get  the  best  separation. 

4.  Preliminary  tests  revealed  that  the  settler  outlet 
compositions  attained  steady  state  values  after  an 
operating  period  corresponding  to  one  and  a  half 
volumetric  displacements  of  the  settler.  For  this 
work  the  phases  were  sampled  after  three  displace¬ 
ment  periods. 

5.  Flow  rates  were  recorded.  The  outlet  phases  were 
sampled  and  analyzed. 

3 . 2  Ethyl  Acetate-Acetic  Acid-Water  System 

The  water-rich  and  ethyl  acetate-rich  phases  were 
kept  saturated  with  ethyl  acetate  and  water,  respectively  by 
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using  a  similar  procedure  as  used  for  the  previous  system. 

The  solubility  of  water  in  ethyl  acetate  at  30 °C  is  3.5  percent 
by  weight  and  thus  it  was  necessary  to  saturate  the  ethyl 
acetate-rich  phase. 

The  general  procedure  for  making  a  run  was  exactly 
the  same  as  used  for  the  first  system.  In  this  system  the 
steady  state  concentrations  were  attained  after  one  displace¬ 
ment  period  and  the  samples  were  taken  after  two  displacement 
periods . 


4,  Sampling  and  Analysis 

Samples  were  collected  in  a  200-ml  dry  conical 
flask.  The  flask  was  then  stoppered  to  prevent  any  change 
in  concentration  by  evaporation.  The  organic-rich  and  water- 
rich  phases  were  titrated  within  8  and  20  hours,  respectively. 

All  concentrations  were  determined  volumetrically 
by  titrating  acetic  acid  against  a  standard  solution  of 
sodium  hydroxide  using  phenolphthalein  as  an  indicator. 
Duplicate  titrations  were  performed  for  each  sample. 

The  benzene-rich  phase  was  analyzed  by  shaking  10 
cc  portions  with  25  cc  of  distilled  water  and  titrating  the 
mixture  with  N/40  standard  sodium  hydroxide  solution,  shaking 
violently  until  the  end  point  was  reached.  A  faint  pink 
color  in  the  water  layer  was  taken  as  the  end  point.  It  was 
found  that  the  same  end  point  was  obtained  when  sufficient 
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alcohol  was  added  to  make  the  two  phases  miscible. 

Ethyl  acetate-rich  solution  was  titrated  against 
1-N  sodium  hydroxide  solution  by  a  similar  procedure  as  used 
for  the  benzene-rich  solution. 

The  water-rich  phase  was  titrated  against  1-N 
standard  sodium  hydroxide  solution.  A  faint  pink  color  was 
taken  as  the  end  point . 

Preliminary  tests  showed  that  the  change  in  con¬ 
centration  of  sodium  hydroxide  solution  is  negligible  within 
24  hours.  The  normality  of  standard  sodium  hydroxide  solution 
was  determined  by  titrating  against  two  standard  oxalic  acid 
solutions  and  the  results  were  accepted  when  they  checked 
within  lo.5  percent. 

5.  Properties  of  Materials 

All  chemicals  used  in  this  work  were  purchased  from 
the  Fisher  Scientific  Company.  The  acetic  acid  was  prepared 
by  adding  a  calculated  quantity  of  acetic  anhydride  in  dis¬ 
tilled  water.  The  acetic  anhydride  met  the  A.C.S.  standards. 

Purified  benzene,  boiling  point  80  -  82 °C,  was  used. 
Use  of  this  benzene,  within  the  experimental  error,  gave  the 
same  results  as  obtained  by  using  the  high  purity  benzene 
which  conformed  to  the  A.S.T.M.  specifications. 

Purified  ethyl  acetate  was  used  which  met  the  N.F. 


specifications . 
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V.  EXPERIMENTAL  RESULTS 


The  experimental  woirk  was  carried  out  to  investigate 
the  influence  of  phase  velocities  on  the  overall  mass  transfer 
coefficient  for  the  systems  benzene-acetic  acid-water  and 
ethyl  acetate-acetic  acid-water.  For  the  system  benzene-acetic 
acid-water,  the  effect  of  bed  height  on  the  overall  mass  trans¬ 
fer  coefficient  was  also  studied.  Table  I  lists  the  number 
of  runs  and  the  range  of  variables  studied.  The  temperature 
in  the  packed  column  for  all  observations  was  maintained  at 
86  l2°F. 


Overall  mass  transfer  coefficients  were  calculated 
by  using  the  following  formula 
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=  overall  mass  transfer  coefficient  based  on 
organic-rich  phase  concentrations, 
lb.mole/(hr) (cu.ft.) (Ac) 

=  packed  bed  height,  ft. 

=  phase  velocity,  cu . ft ./(hr ) ( sq. ft . ) 

=  concentration  of  organic-rich  phase  at  the 

inlet,  lb.mole/(cu . ft . ) 

=  concentration  of  organic-rich  phase  at  the 
outlet,  lb.mole/(cu .ft . ) 

=  logarithmic  mean  of  terminal  potentials, 
defined  by  equation  15. 
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TABLE  I 

Number  of  Runs  and  Range  of  Variables  Studied 


Variable 

System  Studied  V  VTaT  z 

o  w 


I  Effect  of  water 
rich  phase 

velocity  77 

I  Effect  of  benzene 

rich  phase 

velocity  77 

I  Effect  of  bed 

height  180 

II  Effect  of  ethyl 

acetate-rich 
phase  velocity  113 

II  Effect  of  water- 

rich  phase 

velocity  113 


440 

130  - 

486 

5.9 

460 

111  - 

467 

4.9 

209 

165  - 

317 

1.1  -  5.9 

447 

135  - 

478 

5.9 

447 

135  - 

478 

5.9 

where 


System  I  = 
System  II  = 


z 


benzene-acetic  acid-water 
ethyl  acetate-acetic  acid-water 
organic-rich  phase  velocity, 
cu . ft ./{hr ) (sq.ft.) 
water-rich  phase  velocity, 
cu.ft./(hr) (sq.ft.) 
bed  height,  inches 


No .  of 
Runs 

31 

15 

8 

8 

8 
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The  implicit  assumption  in  using  the  logarithmic 
mean  terminal  potential  is  that  the  operating  and  equilibrium 
curves  are  straight  lines  over  the  range  of  concentrations 
studied.  Constant  flow  rates  were  used  in  the  calculation 
of  mass  transfer  coefficients. 

1.  Visual  Observations 

In  addition  to  the  numerical  data  presented  later 
in  this  section,  visual  observations  of  flow  in  the  packed 
column  and  settler  were  recorded. 

The  liquid  mixtures  in  the  packed  column  had  a 
"milky"  appearance  and  separated  very  rapidly  after  leaving 
the  packing.  Mass  transfer  in  the  outlet  line  and  settler 
would  therefore  be  expected  to  be  negligible.  This  assumption 
was  checked  experimentally  for  the  benzene-acetic  acid-water 
system.  During  the  course  of  experiments  it  was  extremely 
difficult  to  determine  which  of  the  two  phases  was  continuous. 
Since  in  all  cases  the  water-rich  phase  preferentially  wetted 
the  glass  packing  it  was  thought  to  be  continuous. 

The  benzene  and  ethyl  acetate-rich  phases  in  the 
settler  were  clear  at  all  times  but  tiny  droplets  of  this 
phase  were  observed  in  the  water-rich  phase.  Groothuis  and 
Zuiderweg(9)  have  suggested  that  this  phenomena  is  a  result 
of  gradients  in  the  interfacial  tension  caused  by  non-uniform 
mass  transfer  along  the  droplet  interface.  As  proposed  by 
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Davis  and  Rideal(2)  some  of  the  organic  phase  droplets  in  the 
water-rich  phase  may  be  present  due  to  spontaneous  emulsifica¬ 
tion.  The  spontaneous  emulsification  takes  place  by  diffusion 
and  stranding. 

When  the  water-rich  phase  was  allowed  to  stand,  a 
thin  film  of  benzene-rich  phase  was  formed  on  the  surface. 

In  all  runs  the  outlet  compositions  were  close  to  the  equilib¬ 
rium  value,  therefore  any  change  in  the  water  phase  concentra¬ 
tion  due  to  this  thin  film  of  benzene  should  be  negligible. 
Moreover,  only  the  equilibrium  concentration  in  the  benzene- 
rich  phase  corresponding  to  the  water-rich  phase  concentration 
was  used  in  mass  transfer  coefficient  calculations.  The 
equilibrium  concentrations  are  not  sensitive  to  a  small  change 
in  the  water-rich  phase  concentration.  Thus,  this  thin  film 
of  organic  phase  on  the  water-rich  phase  should  not  have  any 
appreciable  effect  on  the  value  of  mass  transfer  coefficients. 

2 .  Benzene-Acetic  Acid-Water  System 
2 . 1  General 

In  this  study  the  concentration  of  acetic  acid  in 
the  water-rich  phase  varied  from  6.3  to  8.7  percent  by  weight 
and  in  the  benzene-rich  phase  it  was  between  0.1  to  0.34  percent 
by  weight.  Figure  3  shows  that  in  the  above  range  of  acetic 
acid  concentration  there  is  no  significant  mass  transfer  of 
water  and  benzene.  Hence,  acetic  acid  was  considered  as  the 
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only  transferring  component.  The  change  in  flow  rate  was 
negligible  due  to  the  small  amount  of  transferring  acetic  acid, 
therefore,  inlet  flow  rates  were  used  for  calculations. 

The  equilibrium  distribution  of  acetic  acid  between 
water  and  benzene  favors  the  water-rich  phase  and  therefore 
one  would  expect  that  major  resistance  to  mass  transfer  is  in 
the  benzene  phase.  The  equilibrium  distribution  varies  with 
concentration  and  the  magnitude  of  c^/c^  is  approximately  equal 
to  30(7)  where  c^  and  cB  are  the  concentrations  of  acetic 
acid  in  water-rich  and  benzene-rich  phases,  respectively. 

It  was  therefore  expected  that  the  benzene  velocity  would 
have  a  greater  effect  on  the  mass  transfer  coefficient.  This 
was  confirmed  by  the  experimental  results. 

2 .2  Equilibrium  Data 

The  concentration  of  acetic  acid  in  the  water-rich 
phase  during  the  course  of  experiments  varied  from  0.091  to 
0.066  lb.mole/(cu . ft . ) .  The  equilibrium  curve  in  Figure  9 
shows  that  in  the  range  of  acetic  acid  concentrations  studied 
the  equilibrium  data  can  be  plotted  as  a  straight  line. 

The  experimentally  determined  equilibrium  data  is 
shown  in  Table  IV  and  a  sample  calculation  is  given  in 
Appendix  C . 
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Equilibrium  Data  for  the  Benzene-Acetic  Acid-Water  System 
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2 . 3  Mass  Transfer  Outside  of  the  Packed  Column 

Initially  eight  runs  at  different  velocities  were 
performed  without  packing  in  2.532  and  4.935  inch  high  columns. 
The  analysis  of  inlet  and  outlet  phases  failed  to  show  any 
appreciable  mass  transfer.  These  results  indicated  that  the 
mass  transfer  at  the  column  inlet  and  outlet,  as  compared  with 
that  in  the  packed  column,  is  negligible. 

Run  numbers  50,  51  and  55,  56  were  made  using  dif¬ 

ferent  size  settlers  with  other  variables  held  constant  for 
two  consecutive  runs.  Run  numbers  50  and  51  were  made  with 
200  and  500-ml  size  settlers,  respectively.  Outlet  composi¬ 
tions  of  benzene-rich  phase  obtained  with  the  500-ml  settler 
were  only  slightly  lower  than  those  obtained  with  the  200-ml 
settler  despite  the  2-1/2  to  1  ratio  of  residence  times  and 
approximately  2  to  1  ratio  of  settling  areas.  Run  numbers 
55  and  56  were  made  with  300  and  500-ml  size  settlers,  res¬ 
pectively.  In  these  runs  the  outlet  benzene-rich  phase 
composition  from  the  500-ml  size  settler  was  slightly  higher 
than  the  300-ml  size  settler.  Thus,  any  effect  of  settler 
size  is  not  dectable  from  these  results.  The  compositions  at 
the  settler  outlet  were  therefore  treated  as  the  column  outlet 


compositions . 
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2  , 4  Effect,  of  Phase  Velocities  on  Overall 
Mass  Transfer  Coefficients 

The  effect  of  water-rich  phase  velocity  on  the  over¬ 
all  mass  transfer  coefficient  at  constant  benzene  velocities 
is  shown  in  Figure  10.  The  benzene  phase  velocity  has  a 
pronounced  effect  on  the  overall  mass  transfer  coefficients. 

The  scatter  in  data  increases  at  higher  phase  velocities  be¬ 
cause  at  high  velocities  outlet  compositions  are  close  to  the 
equilibrium  value  and  a  slight  error  in  the  analysis  of  acetic 
acid  will  have  a  large  effect  on  the  value  of  overall  mass 
transfer  coefficients.  The  overall  mass  transfer  coefficient 
increases  only  slightly  with  water-rich  phase  velocity  but  the 
effect  is  greater  at  higher  benzene  velocities.  At  higher 
benzene  phase  velocities  the  benzene  phase  resistance  decreases 
appreciably  and  thus  one  would  expect  the  water-rich  phase 
velocity  to  have  a  greater  effect  on  the  overall  mass  transfer 
coefficient.  This  is  confirmed  by  the  experimental  results 
shown  in  Figure  10,  where  the  lines  have  a  greater  slope  at 
higher  benzene  velocities. 

Figure  11  shows  the  effect  of  benzene  phase  velocity 
on  the  overall  mass  transfer  coefficient  at  constant  water-rich 
phase  velocities.  The  results  are  in  agreement  with  the  above 
conclusions.  The  processed  data  showing  the  effect  of  phase 
velocities  is  given  in  Tables  III  and  IV. 


,«  b 


Coefficient, 


at  Constant  Benzene  Phase  Velocity 


3000 


0  - - - - - - - L - L_ 

0  120  240  360  480 

BENZENE  VELOCITY,  CU  FT /  (HR)(SQ  FT) 


Effect  of  Benzene  Phase  Velocity  on  the  Overall  Hass  Transfer 

Coefficient,  at  Constant  Water-Rich  Phase  Velocity 

/ 


-  48 


The  overall  mass  transfer  coefficients  have  been 


correlated  by  the  following  relationship: 
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The  standard  deviation  by  using  equations  24  and  25  is  225 
and  227,  respectively.  Figure  12  compares  the  experimental 
results  and  values  calculated  by  using  equation  25.  The  de¬ 
tail  of  calculations  are  given  in  Appendix  C. 

2 . 5  Effect  of  Bed  Height  on  the  Overall 
Mass  Transfer  Coefficient 


The  bed  height  was  varied  from  1.153  to  5.890  inches 


to  study  its  effect  on  the  overall  mass  transfer  coefficient. 

The  results  are  given  in  Table  II  and  they  show  a  random  dis¬ 
tribution  in  the  value  of  overall  transfer  coefficients  deter¬ 
mined  at  different  bed  heights.  Therefore,  any  effect  of  bed 
height  on  the  overall  transfer  coefficients  is  not  detectable. 

The  bed  height  was  calculated  using  equation  23  for  an  assumed 
outlet  composition.  The  mass  transfer  coefficient  was  calculated 
from  the  proposed  correlation,  equation  24.  Figure  13  shows 
that  the  calculated  and  experimental  values  are  in  reasonable 
agreement.  This  implies  that  the  assumptions  made  in  using  a 
logarithmic  mean  driving  force  were  reasonable  and  that  there 
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is  no  appreciable  mass  transfer  at  the  inlet  or  outlet  of 
the  packed  column. 

3 .  Ethyl  Acetate-Acetic  Acid-Water  System 
3 . 1  General 

In  this  study  the  concentration  of  acetic  acid  varied 
from  26  to  30  lb.mole/(cu .ft . )  and  Figure  4  shows  that  the 
equilibrium  line  is  almost  a  straight  line  in  this  range. 
Therefore,  the  logarithmic  mean  driving  force  was  used  to 
calculate  the  mass  transfer  coefficient.  The  water  and  ethyl 
acetate-rich  phases  were  kept  saturated  with  ethyl  acetate 
and  water,  respectively,  to  minimize  their  mass  transfer  in 
the  packed  column.  Hence,  the  calculations  for  mass  transfer 
coefficient  were  based  on  the  acetic  acid  concentrations. 

Settler  outlet  compositions  were  assumed  to  be  equal  to  the 
packed  column  outlet  compositions.  The  distribution  coefficient 
varies  with  acetic  acid  concentration  and  the  magnitude  of 
Cw/CE  ^-s  approximately  equal  to  0.87(6),  where  cw  and  cE  are 
the  concentrations  of  acetic  acid  in  the  water-rich  and 
ethyl  acetate-rich  phases,  respectively.  Therefore,  one  would 
expect  that  both  phase  velocities  would  have  a  significant 
effect  on  the  overall  mass  transfer  coefficient.  This  was 
confirmed  by  the  experimental  results. 

The  outlet  flow  rates  were  calculated  from  the 
solubility  diagram  by  using  the  lever  arm  rule.  The  results 
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indicated  that  the  outlet  flow  rates  were  approximately  the 
same  as  the  inlet  flow  rates.  Thus,  the  inlet  flow  rates 
were  used  for  calculating  the  overall  mass  transfer  coefficients. 
The  material  balance  for  all  runs  checked  within  -10  percent. 

3 • 2  Effect  of  Phase  Velocities  on  the  Overall 
Mass  Transfer  Coefficient 

Figure  14  shows  the  effect  of  water-rich  phase 
velocity  on  the  overall  mass  transfer  coefficient  at  constant 
ethyl  acetate-rich  phase  velocity.  The  overall  transfer 
coefficient  increases  with  increasing  water-rich  and  ethyl 
acetate-rich  phase  velocities  and  it  is  equally  affected  by 
both  phase  velocities.  The  effect  of  ethyl  acetate-rich  phase 
velocity  on  the  overall  mass  transfer  coefficient,  at  constant 
water-rich  phase  velocity,  is  shown  in  Figure  15.  These 
results  are  in  agreement  with  the  above  conclusions.  The  pro¬ 
cessed  data  showing  the  effect  of  phase  velocities  on  the 
overall  mass  transfer  coefficient  are  given  in  Table  V. 

The  overall  mass  transfer  coefficient  has  been 
correlated  by  the  following  relationship: 

0.50  0.52  , 

KaE  =  1.53  VE  Vw  (26) 

The  standard  deviation  by  using  the  above  correlation  is  63. 
Figure  16  compares  the  experimental  results  and  the  values 
calculated  by  using  equation  26.  The  detail  of  calculations 
is  given  in  Appendix  C„ 
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ffect  of  Ethyl  Acetate-Rich  Phase  Velocity  on  the  Overall 
Mass  Transfer  Coefficient,  at  Constant  Water-Rich 

Phase  Velocity 


MEASURED  KqB 
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Coefficients  in  Ethyl  Acetate-Acetic  Acid-Water  System 
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VI.  CONCLUSIONS 

1.  Benzene-Acetic  Acid-Water  System 

1.  In  cocurrent  flow  overall  mass  transfer  coef¬ 
ficients  up  to  27  00  (hr)-'1"  can  be  obtained  as  compared  to 

31  (hr)  1  obtained  by  other  workers  using  countercurrent  flow. 
However,  it  must  be  kept  in  mind  that  only  one  equilibrium 
stage  can  be  attained  in  cocurrent  flow. 

2.  The  packed  column  height  was  varied  from  1.153 
to  5.890  inches  and  it  had  no  appreciable  effect  on  the  value 

of  the  mass  transfer  coefficient.  In  this  study  the  assumptions 
for  calculating  mass  transfer  coefficients  appear  to  be  reason¬ 
able  . 

3.  The  overall  mass  transfer  coefficient  increased 
with  increasing  phase  velocities  and  the  benzene  phase  velocity 
had  a  greater  effect. 

4.  At  high  benzene  velocities  the  resistance  of  the 
benzene  phase  was  reduced  and  the  effect  of  the  water-rich 
phase  velocity  was  more  pronounced. 

2.  Ethyl  Acetate-Acetic  Acid-Water  System 

1.  In  cocurrent  flow  overall  mass  transfer  coef¬ 
ficients  up  to  960  (hr)-1  can  be  obtained  as  compared  to 
6  (hr)”1  obtained  by  other  workers  using  countercurrent 


flow . 


57 


2 .  The  overall  mass  transfer  coefficients  increased 
with  increasing  phase  velocities  and  were  almost  equally 
affected  by  the  water-rich  and  ethyl  acetate-rich  phase 
velocities „ 
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VII.  RECOMMENDATIONS  FOR  FUTURE  STUDY 

1  *  In  cocurrent  flow  through  packed  beds  the  pressure 

drop  provides  the  necessary  energy  needed  for  mixing  and  dis¬ 
persion  of  the  two  phases.  Thus,  it  might  be  feasible  to 
replace  the  mixer  in  a  mixer  settler  unit  with  a  packed  bed. 

It  would  be  interesting  to  make  an  economic  study  of  the 
above  proposal. 

2.  Different  flow  regimes  in  cocurrent  flow  have 
been  observed  by  various  worker s ( 12 , 16 , 17 ) .  It  would  be 
interesting  to  study  the  mass  transfer  rate  in  these  flow 
regimes . 

3.  Other  variables,  affecting  the  overall  mass  transfer 
coefficient,  which  could  be  studied  are  the  effect  of  shape 
and  size  of  packing  and  column  diameter. 

4.  The  data  for  the  ethyl  acetate-acetic  acid-water 
system  might  be  extended. 
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NOMENCLATURE 


a 


A 

c 


=  area  of  interfacial  contact,  sq . ft ./(cu . ft .  of 
packed  column) 

=  cross  sectional  area  of  packed  column,  sq.ft. 

=  solute  concentration  in  the  main  body  of  liquid, 
lb.mole/(cu . ft . ) 


c 


E 


concentration  of  transferring  component  in  the 
extract  phase,  lb.mole/(cu . ft . ) 


CR 


concentration  of  transferring  component  in  the 
raffinate  phase,  lb ,mole/(cu . f t ♦ ) 


c 


o 


concentration  of  acetic  acid  in  the  organic-rich 
phase,  lb.mole/(cu .ft . ) 


(Ac) 


1  »m 


d 

d 

D 

H 

k 


32 


K 


Ka 

L 

m 

N 


logarithmic  mean  terminal  potential 
characteristic  dimension  of  the  apparatus 
Sauter  mean  droplet  diameter 
diffusivity,  sq.ft. /hr. 
liquid  holdup 

individual  mass  transfer  coefficient, 
lb.mole/Chr ) ( sq. ft . ) (unit  Ac) 

overall  mass  transfer  coefficient, 
lb.mole/(hr) ( sq. ft . ) (unit  Ac) 

overall  mass  transfer  coefficient  on  volume  basis, 
lb.mole/(hr) (cu . ft . ) (unit  Ac) 

liquid  flow  rate,  cu.ft./hr. 

distribution  coefficient 

mass  transfer  rate,  lb. mole/(hr) (sq.ft.) 


P 


ratio 


ratio  of  frictional  pressure  gradient  to  that 
predicted  by  means  of  the  "single  phase"  assumption 
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AP 

pressure  drop,  inches  of  water 

S 

interfacial  area,  sq.ft. 

u  = 

liquid  velocity  in  z  direction,  cm/sec. 

V 

superficial  velocity,  cu. ft. /(hr) (sq.ft .  of 
column  cross  section) 

y 

distance  from  the  gas  liquid  interface 

z  = 

packed  bed  height,  ft. 

Greek  Symbols 


ll  ll 

viscosity,  lb/(hr)(ft) 

gas  liquid  interfacial  tension 

P 

density,  lb/(cu.ft.) 

Subscripts 


B 

referring  to  benzene-rich  phase 

C 

referring  to  continuous  phase 

D 

referring  to  dispersed  phase 

E  =  referring  to  ethyl  acetate-rich  and  extract 

phase 


o  = 

referring  to  organic-rich  phase 

R 

referring  to  raffinate  phase 

W 

referring  to  water-rich  phase 

* 
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VW 

VB 

VE 

CW 

CB 

CE 

KaB 


H 

D 


The  following  symbols  are  used  in  this  Appendix: 

=  Water-rich  phase  velocity,  cu . ft ./(hr ) ( sq. ft . ) 

=  Benzene  rich  phase  velocity,  cu.ft./(hr)  (sq.ft. ) 

=  Ethyl  acetate-rich  phase  velocity,  cu.ft ./(hr) (sq.ft.) 

=  Acetic  acid  concentration  in  the  water-rich  phase 

=  Acetic  acid  concentration  in  the  benzene-rich  phase 

=  Acetic  acid  concentration  in  the  ethyl  acetate-rich  phase 

=  Overall  mass  transfer  coefficient  based  on  concentra¬ 
tions  in  the  benzene-rich  phase,  lb.moles/(hr) (cu .ft . ) 
(unit  Ac) 

=  Overall  mass  transfer  coefficient  based  on  concentra¬ 
tions  in  the  ethyl  acetate-rich  phase, 
lb.moles/(hr ) (cu . ft . ) (unit  Ac) 

=  Height  of  the  packed  column,  inches 
=  Average  diameter  of  the  packed  column,  inches 


Subscripts 

1  =  concentration  at  the  inlet  of  packed  column 

2  =  concentration  at  the  exit  of  packed  column 
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2.  EQUILIBRIUM  DATA 
TABLE  VI 

Equilibrium  Data  for 
Benzene-Acetic  Acid-Water  System 

Serial  Acetic  Acid  in  Water-  Acetic  Acid  in  Benzene-Rich 
Number  Rich  Phase  Phase 

lb.mole/(cu . ft . )  lb.mole/(cu . ft . ) 


1 

31.66  x  10"3 

0.7261  x  10 

2 

47  .63 

1.298 

3 

47  .90 

1.253 

4 

64.08 

2.082 

5 

80.74 

3.382 

6 

96.47 

4.105 

7 

144.1 

8.029 

APPENDIX  B 
DETAILS  OF  LEAST  SQUARE  ANALYSIS 
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1 .  Benzene-Acetic  Acid-Water  System 
1.1  Determination  of  Coefficients 


Two  correlations  for  calculating  the  overall  mass 
transfer  coefficients  were  proposed  and  the  detail  of  calcula¬ 
tions  are  discussed  separately. 

(1)  The  following  relationship 


may  be  written  as 


log  KaB 

=  log 

a 

o 

+  log  VB 

+  a2 

log  vw 

Let 

log 

KaB(1> 

1.0 

log  VB(1) 

log 

vw(D 

log  aQ 

log 

KaB<2) 

1.0 

log  Vb(2) 

log 

V2> 

b  = 

al 

/  y  = 

— 

,  X  = 

- 

a2 

— 

— 

log 

KaB(N) 

1.0 

log  Vb(N) 

log 

VN> 

-  _ 

— 

— 

where  y  represents  the  experimental  N  values  of  mass  transfer 
coefficients.  In  the  present  case  N  =  47 .  The  least  square 
values  of  log  aQ,  a1  and  a2  were  determined  by  solving  the 
following  set  of  equations  by  Crout ' s  method. 

T  T 

x  x  b  =  x  y 
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The  calculations  were  carried  out  on  the  IBM  7040 
computer  in  floating  point  mode  and  required  only  14  seconds 
of  machine  time  exclusive  of  input  and  output. 

(2)  The  following  correlation  for  overall  mass  transfer 

coefficient 


'1  u2 
-  + 


K 


aB 


V 


B 


V 


Q 


w 


may  be  written  as 


^aB  =  bl  VP  +  b2  V° 


One  hundred  and  fifty  pairs  of  P  and  Q  were  assumed  and  the 
values  of  and  b2  were  calculated  by  least  square  analysis. 


b  = 

bi 

,  Y  = 

l/KaB(D 

l/KaB(2) 

,  X  = 

b2 

l/KaB(N) 

_  ■■■ 

vBU) 

VB(2) 


vb(n) 


-p 

-p 


-p 


1) 

Vw(2)-q 


VW(N)  Q 


where  Y  represents  the  experimental  N  values  of  mass  transfer 
coefficients.  In  the  present  case  N  =  47 .  The  least  square 
values  of  b1  and  b2  were  determined  by  solving  the  following 
set  of  equations  by  the  elimination  method. 


Y 


Let, 


x  b 
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The  variance  for  each  assumed  pair  of  P  and  Q  was  calculated. 
The  final  value  of  P  and  Q  was  selected  corresponding  to  a 
minimum  variance. 

The  calculations  were  carried  out  on  the  IBM  7040 
computer  in  floating  point  mode  and  required  3  minutes  and 
13  seconds  of  machine  time  exclusive  of  input  and  output. 

1.2  Determination  of  Standard  Variance 


The  standard  variance  is  defined  as  the  square  root 
of  variance.  The  variance  was  calculated  from  the  following 
formula: 


2 


i=l 


0m  (Xi) 


N  -  (m  +  1) 


where  N 


Qra(x) 
(m  +  1) 


=  number  of  mass  transfer  coefficient  values 
used  for  least  square  calculations 
=  the  proposed  correlation 

=  linearly  independent  functions,  equal  to 

3  and  2  for  equation  (24)  and  (25)  respectively 


2 .  Ethyl  Acetate-Acetic  Acid-Water  System 


The  following  correlation  for  overall  mass  transfer 
coefficients  was  proposed: 


al  a2 

KaE  “  ao  VE  VW 
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The  constants  aQ/  a^  and  a2  were  calculated  exactly  in  the  same 
manner  as  for  the  benzene-acetic  acid-water  system. 


APPENDIX  C 
SAMPLE  CALCULATIONS 
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1« Calculation  of  Equilibrium  Data 

Normality  of  a  solution  was  calculated  from  the 
following  formula: 


Ni  vi  : 

=  N2  V2 

where 

N 

=  normality 

of  the  solution 

V 

~  volume  of 

the  solution  used  in  titration 

Subscripts  1  and  2  refer  to  the  solution  numbers  one  and  two, 
respectively . 

1 • 1  Standardization  of  Sodium  Hydroxide  Solution 

A  known  weight  of  oxalic  acid  was  dissolved  in 
distilled  water  and  the  volume  of  solution  was  made  up  to 
100  c.c.  Equivalent  weight  of  oxalic  acid  is  equal  to  63.035. 


TABLE  VII 


Calculation  of  Sodium  Hydroxide  Normality 


Solution  Number 
One 


Solution  Number 
Two 


Weight  of  oxalic  acid 

dissolved  6.2556  gm  6.3020  gm 


Normality  of  oxalic 
acid  solution 


6.2556  1 

63.035  X  10 


6.3020  1 

63.035  X  10 


=  0.9926  N 


0.9998  N 


volume  of  oxalic  acid 

used  10  cc  10  cc 

volume  of  sodium  hydroxide 

solution  used  10.05  cc  10.35  cc 


0.9926  x  10 


0.9998  x  10 
10.35 


Normality  of  sodium 
hydroxide  solution 


10.05 
0.9637  N 


0.9657  N 
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Arithmetic  mean  of  sodium  hydroxide  normalities 


0.9678  +  0.9637 


2 


0.9657 


Percentage  difference  in  the  two  values  of  sodium  hydroxide 

0.9768  -  0.9637 

normalities  =  -  x  100  =  0.423 

0.9657 

Similarly  normality  of  1/40  -  N  sodium  hydroxide  was  calculated 
which  was  equal  to  0.02417. 


1 . 2  Equilibrium  Data  Calculations 

The  water-rich  and  benzene-rich  phases  were  titrated 
with  1  -  N  and  1/40  -  N  standard  sodium  hydroxide  solutions 
respectively . 

Volume  of  sample  used  =  10  cc 


TABLE  VIII 

Calculation  of  Water-Rich  and 
Benzene-Rich  Phases  Normality 


Water-Rich 

Phase 


Benzene-Rich 

Phase 


Volume  of  sodium 

hydroxide  solution  used  7 .9  cc 

0.9657  x  7  .9 

Normality  of  samples  - - 

10 

=  0.7629  N 


8.6  cc 

0.02417  x  8.6 
10 

=  0.02055  N 


0.7629  x  28.32  0.02055  x  28.32 

453.59 


lb  mole  of  acetic  acid 
in  the  samples  per 
cu . ft . 


0.04763 


453.59 

0.01298 
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2 •  Calculation  of  Mass  Transfer  Coefficient 


Concentration  of  benzene-rich  and  water-rich  phases 
were  calculated  exactly  in  the  same  way  as  described  in  the 
previous  section. 

Height  of  the  packed  column,  z  =  1.153  inches 

Average  diameter  of  the  packed 

column,  D  =0.565  inch 


Inlet  concentration  of 

benzene-rich  phase,  cB^ 
Outlet  concentration  of 


=  0.0  lb.mole/cu .ft . 


benzene-rich  phase,  cB2  =  0.001067  lb.mole/cu .ft 


Inlet  concentration  of 


water-rich  phase,  c^  =  0.08141  lb  .mole/cu  .  ft . 


Outlet  concentration  of 


water-rich  phase,  c^  =  0.0799  lb.mole/cu  .  ft . 

From  Figure  9  concentration  of  benzene-rich  phase 

(i)  at  the  entrance  of  the  packed  column, 

cBq^  =  0.00342  lb.mole/cu . ft . ,  and 

(ii)  at  the  outlet  of  the  packed  column, 

=  0.00314  lb.mole/cu . ft . 


Be2 


Cross  sectional  area  of  the 


packed  column  = 


7 r  D2/4 


tt  x  ( 0 . 565)  2 


0.00174  sq.ft. 
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Therefore  benzene-rich  phase  velocity, 


V 


B 


^  AcB^ 1 *m 


185  x  0.00003531  x  60  cu.ft./hr 
185  x  0.00003531  x  60 


0.00174 


cu . ft ./(hr ) (sq.ft.) 


=  207.76 


(c 


Be 


CB)1 


(c 


Be 


-  c») 


B'  2 


In 


(c 


Be 


cn) 


B'  1 


(cBe  -  CB>2 


(0.00342  -  0.0)  -  (0.00314  -  0.001067) 


0.00342  -  0.0 

2.303  log  ( - ) 

0.00314  -  0.001067 


=  0.002736 

VB  (CB2  "  cBl) 

z  (AcB)i.m 

207.76  x  0.001067  x  12 


1.153  x  0.002736 
=  842  lb.mole/(hr) (cu .ft . ) ( Ac) 


The  calculations  for  overall  mass  transfer  coefficients 
in  ethyl  acetate-acetic  acid-water  system  were  carried  out 
exactly  in  the  same  manner. 


APPENDIX  D 
CALIBRATION  OF  ROTAMETERS 


FLOW  RATE.  CC  /  MIN 
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TUBE  SCALE  READINGS 


Rotameter  Calibration,  Liquid:  Aqueous  Solution  of  Acetic  Acid 
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Ro t.  ana  t  e  r  C  a  1  i for  at ion,  L  i  <;  \  i  i  d : 
Ethyl  Acetate.  -  Saturated  with  Water 
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